INTRODUCTION
argued in his famous paper "Our Load of Mutations" that the borderline between deleterious and neutral mutations is vague and that it must be a "cline" rather than a line. To stay on the "ultraconservative side", he disregarded genes with a homozygous deleterious effect below about ten percent.
On the other hand, recent investigations on molecular evolution (Kimura 1968 (Kimura , 1969b King and Jukes 1969; Crow 1969) suggest that numerous neutral and nearly neutral mutations are constantly arising in the population.
Also, it has been shown by Mukai (1964 Mukai ( , 1969 that the occurrence of mutations with fairly small deleterious effects is much more common than previously thought. These facts indicate that the mutation rate for genes with very small effects (having selection coefficients of the order of the reciprocal of the effective population number) must also be high. For such a class of mutants, conventional treatments of genetic loads based on deterministic models can not be applied, since such mutants are subject to random genetic drift.
A theoretical study of mutational load in small populations has been made by Kimura et al. (1963) using the classical model of 2 alleles per locus but taking account of the effect of random sampling of gametes.
Their results show that mutants with very small deleterious effects sometimes create more load than those with larger effects by spreading through the population due to random frequency drift.
The purpose of the present paper is to pursue further the problem of genetic load due to mutations with very small effects using a more realistic model of molecular mutation.
Namely, we use the model of "infinite sites" (Kimura 1971 ) with steady flux of irreversible mutations.
MUTATIONAL AND SUBSTITUTIONAL LOADS SEPARATED BY NEUTRAL POINT
It is expected that many molecular mutants (DNA changes) arise randomly in a population each generation. From the point of view of fitness, they include every kind; from extremely deleterious mutations such as lethals to practically neutral ones. They
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also include a very small fraction of advantageous mutations.
Mutations with any degree of detriment create mutational load and those with any advantage, substitutional load. If we plot mutation rate as a function of fitness, it will probably be continuous with two peaks, as Muller (1950) pointed out-one at the point of lethality and another somewhere between neutrality and the detrimentals.
Here we exclude synonymous mutations and also mutations which occur in non-informational DNA (cf. Ohta and Kimura, 1971a) . We restrict our consideration mostly to those mutations which cause changes in the primary structure of proteins. Fig. 1 represents a possible relationship between fitness and the frequency of occurrence of mutations. The exact shape of the curve at the neighborhood of the neutral point is unknown, but a possible curve is drawn with broken lines. The curve beyond the point of lethality is suggested by Dr. J. F. Crow (personal communication) .
It is possible that the detailed shape of the curve is different from organism to organism, or even from time to time in the same organism.
If we note that all mutations on the left side of the neutral point in the figure cause mutational load and those on the right, substitutional load, the two kinds of load become unified.
Then, the total load is simply the integral with respect to fitness values as we will show in the next section.
From the evolutionary standpoint we can regard the mutational load as the price that the species pays to retain the information already stored in its genome while the substitutional load is that to acquire new information (Kimura 1961) .
BASIC THEORY AND MAIN RESULTS
Following Kimura (1969a) we assume that the total number of mutational sites in the genome is so large and the mutation rate per site is so low that whenever a mutant appears it represents a site at which mutant forms are not currently segregating in the population. We consider a random mating diploid population of actual size N and effective size Nef and assume that mutants appear on the average in vm sites in the entire population per generation.
We will denote by p the frequency of each mutant at the moment of appearance.
Our main interest is the steady flux equilibrium in which production of new mutants is balanced by random extinction or fixation of segregating mutants.
Let ~5(p, x; t) be the transition probability density that the frequency of the mutant becomes x at the t-th generation given that it is p at t=0.
Also, let
0 then ~(p, x) gives the steady flux distribution such that P(p, x)dx represents the expected number of sites in which the frequency of the mutant form is in the range (x, x+dx), restricting our consideration only to segregating sites. If we denote by I1(p) the expectation of an arbitrary function f (x) with respect to this distribution, then it can be shown (Kimura 1969a ) that I1(p) satisfies the following differential equation,
where Vo7 and M5 are the variance and the mean of the change of mutant frequency p per generation. Any expectation can be obtained by solving the above ordinary differential equation. We should like to point out here that the above treatment with respect to (p, x) is an extension of the work of Wright (1938 Wright ( , 1942 Wright ( , 1945 on the distribution of gene frequencies under irreversible mutations. Now, our problem is to evaluate the genetic load using this model. Let s and sh be respectively the selection coefficients of the mutant (A') in homo-and heterozygotes as follows;
The value of s may be positive or negative. Assuming that s i is small, the genetic load is wmax-w s -{sp2 + sh2 p (1-p) } =:f Sib for positive s (substitutional load) and f mut -{sp2 + sh2 p (1-p) } for negative s (mutation load). An interesting relation is that fm(P) is obtained from f Sub (p) by replacing p with 1-p, h by 1-h and s with -s. That is, constant production of advantageous mutants with initial frequency p is formally equivalent to constant production of disadvantageous mutant with the initial frequency 1--p (with a proper adjustment of h). Also, the mutational load is a special type of substitutional load in which the initial frequency of the advantageous allele is very high. These observations enable us to treat mutational and substitutional loads in a unified way.
In the present paper we will restrict our consideration to the simplest case of "no dominance" in which h=0.5. Then the solution of (2) with boundary conditions I ,(O) = I f (1) = 0 can readily be obtained and it is equivalent to vmu (p) L (p) of Kimura and Maruyama (1969) . We have, for h =1/2 and positive s, Also many computers now have subroutines to evaluate this integral.
Let F(p)=If(p)lvm, then F(p) with P= 1/2N represents the genetic load of an equilibrium population in which one new mutant is supplied each generation.
F(p) also represents the average total load created by one mutant from the time of occurrence until its fixation or loss. Notice that Kimura and Maruyama (1969) used the relation L(p) _ F(p) /u(p) to obtain "the load for one gene substitution", where u(p) is the probability of fixation of the mutant. Fig. 2 represents F(p) for Nes=1, 2, 5 and infinity. We should point out here that F(p) with Nes = oo agrees with the "cost" given by Haldane (1957) , namely F(p) _ -2 loge p. As explained above, F(p) at the neighborhood of p=0 represents the substitutional load and that at the neighborhood of p=1 represents the mutation load in an equilibrium population with one mutant supplied each generation.
The mutation load increases linearly with q=1-p, indicating the linear relationship between mutation rate and the load. With larger values of Nes, the curve near p=0 becomes skewed and approaches that predicted by the deterministic theory, that is, it approaches -2 loge p. F(p) for intermediate values of p represents the load created by mutants that are initially neutral and increase their frequency by random drift but later gain a definite advantage or disadvantage due to changes in the environment. This may often be the case for rapidly evolving species.
Next, we investigate the relationship between the mutational load and selective disadvantage of mutants. Fig. 3 shows such relationship for various values of 1 Nes 1. The load increases rapidly as Nes 1 increases, and for I Nes I > 0.75 the load is actually larger than that predicted by the deterministic model. Although the excess over the deterministic prediction is not very large, a maximum of 33% is reached at Nes =1.9. From this point on, the curve slowly approaches the limiting value 2v, attained at Nes=oo where v is the mutation rate per gamete (vm/2N). This agrees with the well-known result often ref ered to as the Haldane-Muller principle (cf. Crow and Kimura 1970, p. 301) .
It is important to note that a significant load is created by a relatively small value of ~Nes1. Thus, in the discussion of genetic load, gene mutations having selective disadvantage of the order of the reciprocal of the effective population number are also important. What is the relationship between substitutional load and the selective advantage Nes? As shown by Kimura and Maruyama (1969) the load for one gene substitution is also quite large for a small Nes of the order of unity. This load corresponds to L(p) = F(p)/u(p).
Here we evaluate the substitutional load created by the supply of one advantageous mutant per generation, namely, F(p) with p=1 /2N. Fig. 4 shows the relationship between Nes and this substitutional load. The load increases almost linearly as Nes increases.
For a large Nes, it approaches (2 log 2N) X s, since L(p) approaches 2 loge (2N) and u (p) approaches s. The asymptote is given by the straight line in the figure.
DISCUSSION
It is clear from the above results that mutations with very small effects must create considerable genetic load. Actually, for the range of Nes=1~5, the load is larger than the case with Ns--~co for semidominant deleterious mutations. Thus, we conclude that mutations with very small effects (selection coefficients of the order of the reciprocal of the effective population number) are also important in the discussion of the genetic load. On the other hand, the behavior of these mutants in the population is not much different from completely neutral mutants.
That is, an individual mutant which is destined to become fixed in the population takes about 4Ne generations until fixation as long as I Nes I is not large (cf. Kimura and Ohta 1969) . However, from the point of view Line A represents the result obtained by the diffusion method, while line B represents the asymptote toward which line A approaches when NeS gets very large.
The figure illustrates the case with N=Ne=100.
of genetic load, these mutants must be different from completely neutral ones. An important inference that we can draw from this is that slightly detrimental mutations constitute a real threat to eventual extinction for a species having small effective population numbers. When we consider evolution at the molecular level, growing evidence now suggests that most of gene substitutions are the result of random fixation of selectively neutral or nearly neutral mutations (Fitch and Markowitz 1970; Jukes and King 1971; Kimura and Qhta 1971a, b) . The remarkable uniformity of the rate of amino acid substitution for each protein is very strong evidence in support of the hypothesis (Kimura .1969b; Kimura and Ohta 1971b; Ohta and Kimura 1971b.) For neutral or nearly neutral mutants, the rate at which mutant genes are substituted in the population in the course of evolution is equal to the mutation rate per gamete (For a further discussion qn this subject, see Kimura and Ohta 1971c) .
Then how does one distinguish between neutral and detrimental mutations ? Muller (1950) pointed out that there is no clear distinction but a cline between "neutral" and "deleterious" mutations . The cline may be determined in terms of genetic load, that is by a line such as given in Fig. 3 . Thus, the cline depends on I Nes ( rather that s alone. This means that, since Ne is usually a large number, mutants with a very small I s I may still create a considerable genetic load. For the discussion of genetic load due to mutations with very small effects, consideration of the fixation probability is also relevant.
Even mutations with slight selective disadvantages may be fixed in the population by chance. Such a probability is again a function of Nes as shown by Kimura (1957) . Actually, selection coefficients are likely to fluctuate from generation to generation due to environmental changes. Then the fixation probability of a mutant is influenced by the variance of the selection coefficient, and the mutant behaves like neutral genes when the variance is large (Ohta 1971) . Random fluctuation of selective values will contribute to increasing the importance of random genetic drift in molecular evolution. We need further investigations to clarify the shape of the curve representing mutation frequency as a function of selective values (Fig. 1) , especially near the neutral point. Such knowledge is essential for our understanding of the evolution of genetic systems.
We hope to estimate such a frequency distribution not only for the total genome but also for each cistron. Studies of molecular evolution suggest Corbin and Uzzell 1970) that the potential mutation rate per nucleotide site in each cistron seems to be approximately equal for any organism. However, we are particularly interested in the frequency distribution with respect to the total of the loci making up the genome, and this must be characteristic to each organism. Although in the present paper we have studied the simplest case of "no dominance", in the future it would be desirable to extend our investigation to more complicated cases involving incomplete dominance, epistasis and linkage.
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SUMMARY
A unified treatment of substitutional and mutational loads was presented assuming a steady flux of molecular mutations in a finite population.
The case of genic selection for diploid populations ("no dominance") was analysed in detail. The load is given by 11(p) (formula 3) and several examples are illustrated in Fig. 2 .
An important point which emerged from the analysis is that mutations with very small effects (having selection coefficients of the order of the reciprocal of the effective population number) can create considerable genetic load. This suggests that slightly detrimental mutations constitute a real threat to eventual extinction for a species having small population number.
The mutational load as illustrated in Fig. 3 may be used to define the "cline" between neutral and deleterious mutations. The load depends on N s I rather than s alone. The importance of mutations with very small effects for variation and evolution of the species was discussed.
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